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Abstract. Sr isotopic ratios of atmospheric deposition, surface and subsurface water, and
geologic materials were measured in an alpine/subalpine watershed to characterize
weathering reactions and identify sources of dissolved Ca in stream water. Previous studies
have noted an excess of Ca in stream water above that expected from stoichiometric
weathering of the dominant bedrock minerals. Mixing calculations based on 87Sr/86Sr
indicate that on an annual basis, 26 6 7% of Ca export in streams is atmospherically
derived, 23 6 1% is from weathering of plagioclase, and the remainder is from weathering
of calcite present in trace amounts in the bedrock. A potential source of error when
applying Sr isotopes in catchment studies is determination of the 87Sr/86Sr of Sr released
by mineral weathering, which is complicated by the wide range of mineral isotopic
compositions, particularly in older rocks, and the variable rates at which the minerals
weather. In this study, base-flow stream chemistry was used to represent the 87Sr/86Sr of Sr
derived from mineral weathering because it effectively integrates the potentially variable
isotopic composition of Sr released by weathering in the alpine environment.

Introduction

Catchment studies have traditionally used a combination of
hydrologic and chemical techniques to identify the important
processes controlling surface-water chemistry. Analysis of spa-
tial and temporal trends in major and minor element chemistry
has proven to be a powerful tool [Likens et al., 1977; Williams
et al., 1993; Campbell et al., 1995], yet many questions cannot
be answered with hydrologic and chemical data alone. Mass
balance calculations, which are often used to try to identify the
important sources of solutes in natural waters [e.g.,Garrels and
Mackenzie, 1967; Drever, 1988; Mast, 1992], frequently do not
yield unique solutions. This occurs when there are multiple
potential sources for a given element. Ca, for example, is an
important constituent in atmospheric deposition but also is
commonly present in plagioclase and carbonate minerals in
rocks, and it is impossible to distinguish between the sources of
Ca chemically. Several previous studies have established the
usefulness of Sr isotopes in differentiating Ca sources [e.g.,
Aberg and Wickman, 1987; Gosz and Moore, 1989; Jones and
Faure, 1978]. The Sr isotopic technique takes advantage of the
fact that Sr is geochemically similar to Ca and substitutes for
Ca in mineral lattices. Strontium 86 is nonradiogenic, and 87Sr
is produced by decay of 87Rb (half-life 5 4.8 3 1010 years); Rb
is geochemically similar to K and substitutes for K in the
mineral lattice. Therefore, in K-bearing minerals such as K-

feldspar and biotite, the 87Sr/86Sr ratios increase over time,
leading to progressively increasing isotopic separation between
individual bedrock minerals. The basic premise in using 87Sr/
86Sr ratios in weathering studies is that the 87Sr/86Sr ratio in
natural water is a reflection of the contributions made by
various minerals as they dissolve. Other processes, including
atmospheric deposition, cation exchange, and biological cy-
cling, also can influence the 87Sr/86Sr ratio in the water
[Graustein and Armstrong, 1983; Miller et al., 1993]. However,
unless there have been recent anthropogenic or natural distur-
bances, annual gains or losses of Sr from cation exchange and
biological pools should be minimal.
In the present study the Sr isotopic composition of surface

waters was measured to gain insight into hydrogeochemical
processes in Loch Vale, an alpine/subalpine watershed in the
Rocky Mountains of north-central Colorado. Because the geo-
logic, vegetative, and climatic characteristics of Loch Vale are
similar to many basins in the Rocky Mountains [Landers et al.,
1987], the methods used and results obtained from this study
should have broad applicability throughout the Rocky Moun-
tain region. Our specific objective was to use 87Sr/86Sr as a tool
to characterize the dominant sources of dissolved Ca in surface
waters in Loch Vale. Understanding the hydrogeochemical
processes controlling Ca in aquatic ecosystems is important
because dissolution of Ca-bearing minerals often is a major
source of alkalinity in natural waters. It has been commonly
assumed that plagioclase weathering is the dominant source of
Ca in surface water in granitic terrain because plagioclase is
the most common Ca-bearing mineral in granitic rocks. How-
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ever, in a previous study of solute sources in Loch Vale it was
determined that stream water had a much higher Ca/Na ratio
than the plagioclase in the bedrock [Mast et al., 1990], and in
fact, high Ca/Na ratios are common in surface water through-
out the Rocky Mountains [Eilers et al., 1987; Stauffer, 1990;
Turk and Spahr, 1991]. Based on element ratios in the rocks
and streams in Loch Vale, the most likely source of the excess
Ca is carbonate mineral weathering; however, the type and
origin of the carbonate are uncertain. Previous work has indi-
cated that weathering of calcite present in trace amounts in the
granitic bedrock may be an important source of Ca to surface
water [Mast, 1992], but weathering of eolian carbonate dust is
also plausible [Litaor, 1987; Turk and Spahr, 1991; Clow and
Mast, 1995].

Site Description
The study was conducted in the Loch Vale watershed, lo-

cated in Rocky Mountain National Park, approximately 80 km
northwest of Denver, Colorado. Loch Vale has been a site of
ecosystem research by the National Park Service since 1981
[Baron, 1992] and is currently part of the Water, Energy, and
Biogeochemical Budgets (WEBB) program of the U.S. Geo-
logical Survey [Turk et al., 1993; Lins, 1994]. Loch Vale is a

660-ha alpine/subalpine basin ranging in elevation from
3050 m at the outlet of the Loch (the lowest lake) up to 4009 m
at the summit of Taylor Peak (Figure 1). Over 90% of the basin
is above tree line; this area is characterized by alpine tundra,
bedrock outcrops, and talus slopes. An Engelmann spruce-
subalpine fir forest covers the basin below about 3250 m, and
several wet-sedge meadows lie next to stream channels. Bed-
rock consists of Precambrian gneiss (1750 Ma) [Peterman et al.,
1968], which underlies 80% of the watershed and crops out
mostly above tree line, and Precambrian Silver Plume granite
(1450 Ma) [Peterman et al., 1968], which intrudes the gneiss
and underlies the lower 20% of the basin. The mineralogy of
the two units is similar; primary minerals consist of quartz
(28–41%), plagioclase (25–30%), biotite (6–16%), microcline
(9–34%), and sillimanite (0–6%) [Cole, 1977]. The plagioclase
is not zoned [Cole, 1977] and has a composition of An2763
(2s), on the basis of microprobe analyses of 27 plagioclase
grains in 4 different rocks from Loch Vale [Mast, 1989]. Minor
and accessory minerals include ilmenite, magnetite, cordierite,
orthopyroxene, zircon, and apatite [Cole, 1977]. Locally, the
rocks have undergone secondary alteration, converting biotite
to chlorite and plagioclase to sericite. The secondary chlorite is
generally visible only under a microscope, except where it

Figure 1. Map showing locations of sampling sites and stream gages in Loch Vale watershed.
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occurs as a coating along fault surfaces. Trace amounts of
microcrystalline calcite occur along grain boundaries and hy-
drothermally altered microfractures in the bedrock [Mast,
1989]. The secondary alteration occurs mainly along faults and
fractures that may be related to Laramide faulting and hydro-
thermal activity [Mast, 1989]. The median weight percentage of
calcite in 23 rock samples from Loch Vale was 0.020%, and the
range was 0.400–0.003% on the basis of coulometric titration
analyses [Mast, 1989].
Since 1992 the U.S. Geological Survey has operated gaging

stations on two major tributaries in the basin, Icy Brook (gage
altitude 5 3180 m) and Andrews Creek (gage altitude 5
3215 m), which are the focus of this paper (Figure 1). Icy
Brook, which drains an area of 326 ha, originates at the ter-
minus of Taylor Glacier and flows through two alpine lakes,
Sky Pond and Glass Lake, before reaching the gage. Andrews
Creek drains an area of 183 ha and originates from a small tarn
at the base of Andrews Glacier. The two subbasins are almost
entirely alpine, and soils cover less than 5% of the basin areas,
mostly on the valley floors [Walthall, 1985; Baron et al., 1992].
Extensive talus deposits and debris flows, which were depos-
ited during and after the Neoglacial and Pinedale glaciations
[Madole, 1976], mantle the lower parts of sheer bedrock cliffs
along the flanks of the valley floor. Soils in the cirque valleys
are thin, rocky, poorly sorted materials (Cryorthents and Cryo-
crepts) formed mostly on Neoglacial till and talus [Madole,
1976; Richmond, 1960; Walthall, 1985], although some of the
deposits might be late Pleistocene [Davis, 1988]. The deepest
and laterally most continuous soils occur in the forested areas,
below the stream gages. Forest soils (Cryoboralfs) are believed
to have formed from Pinedale till deposited between 12,000
and 15,000 years ago [Madole, 1976; Birkeland et al., 1987;
Davis, 1988] and have horizons that are more well-developed
than those in the alpine soils [Baron et al., 1992].
X ray diffraction data for over 50 Loch Vale soils indicate

that the dominant mineral assemblage in the clay fraction
consists of a mixed-layer smectite-illite mineral, kaolinite, 10-Å
mica, chlorite, and trace amounts of quartz and feldspar [Mast,
1989]. A similar mineral assemblage was also reported by
Walthall [1985] for Loch Vale soils and by Rochette et al. [1988]
for alpine soils in southeastern Wyoming. Of the observed soil
minerals, mica, chlorite, feldspar, and quartz are most likely
inherited from the local bedrock. Smectite is probably formed
from the weathering of biotite and chlorite which, with con-
tinued leaching, may eventually be transformed to kaolinite
[Walthall, 1985]. This is consistent with a sequence of alter-
ation proposed for mica in soils formed on granite and gneiss
in Poland [Stoch and Sikoma, 1976]: mica 3 mica/smectite 3
smectite3 kaolinite. Allen and Hajeck [1989] also list biotite as
a likely precursor for smectite in granitic terrane. This weath-
ering scenario is further supported by the observation that
mica and chlorite are much more abundant in the clay and silt
fractions of the relatively young alpine soils than in the more
highly weathered forest soils [Mast, 1989].
In both subbasins, snowmelt constitutes the major hydro-

logic event in a given year. Peak flow typically is in late June,
and up to 70% of the total discharge occurs between mid-May
and late July. Discharge is quite low during the winter (the
base-flow period), and at that time is probably derived from
perennial seeps and springs. In 1994, annual precipitation to
the Loch Vale watershed was 118 cm, slightly above the aver-
age for 1984–1992 (100 cm) [NADP/NTN, 1984–1994]. Annual
runoff was 89 cm and 68 cm in Andrews Creek and Icy Brook,

respectively. The difference in runoff probably is a result of
greater snow input and less evaporation in the Andrews Creek
subbasin [Campbell et al., 1995]. A recent water budget indi-
cated that blowing snow contributes a substantial amount of
water to the Andrews Creek subbasin [Ingersoll, 1995]. The
Andrews subbasin is expected to have lower evaporation rates
because there is less open water and the aspect and relief of the
valley limit solar heating [Campbell et al., 1995].

Methods
Samples of bedrock, soil, and dry deposition were collected

to characterize the isotopic composition of solid phases in the
catchment. Mineral separates of plagioclase, biotite, and po-
tassium feldspar were obtained from crushed samples of unal-
tered bedrock, and a sample of biotite also was separated from
an alpine soil sample. The soil and crushed rock were sieved to
a 100- to 200-mm-size fraction, and minerals were separated
using a magnetic separator, heavy liquids, and hand picking
under a binocular microscope. The purity of the mineral sep-
arates was tested by X ray diffraction (XRD) and visual in-
spection using a binocular microscope. Powdered mineral and
whole-rock samples were digested in sealed Teflon vessels us-
ing high-purity HF, HNO3, and HCl (see work by Bullen et al.
[1996] for details). Soil samples were collected from the Oe, A,
and B horizons in two pits: one in the alpine zone and the other
in a forested area. Soils were air dried and sieved to 2 mm, and
exchangeable cations were extracted from the ,2-mm-size
fraction of air-dried soil using 1-M ammonium acetate (NH4-
Ac) [Thomas, 1982]. An eolian dust sample was collected from
the dry-side bucket of a wet-dry precipitation collector located
at the main weather station during the summer of 1994. Solu-
ble matter in the dust was extracted in deionized water (DI)
and analyzed for 87Sr/86Sr. The mineralogy of the dust was
determined by XRD, and the inorganic carbon content was
measured by coulometric titration. Mineral and rock digests,
cation-exchange solutions, and dry-deposition leachates were
filtered through prerinsed 0.45-mm nucleopore filters and acid-
ified with concentrated high-purity nitric acid prior to 87Sr/86Sr
analysis. The isotopic composition of Sr in the digests was
measured on a Finnigan MAT 261t multicollector mass spec-
trometer. Isotope ratios have been corrected for natural and
analytical stable isotope fractionation to 88Sr/86Sr 5 8.37521
and are precise to within 0.00002 (2s). The mass spectrometer
used typically yields a value of 0.71024 for the NBS-987 Sr
metal standard; Sr concentrations in the rock and minerals are
precise to within 1%.
Microcrystalline calcite could not be isolated from the bed-

rock for 87Sr/86Sr analysis by standard physical techniques be-
cause of its extremely small grain size; therefore two types of
leaching experiments, a sequential leach and a single leach,
were conducted on crushed rock (,2 mm) in order to extract
the calcite from the rock. In the sequential-leach experiments,
a 6-g sample of crushed gneiss was leached with six sequential
NH4-Ac treatments; the first three were in 100 mL of 1-M
NH4-Ac at pH 7.0, and the last three were in 100 mL of 0.1-M
NH4-Ac adjusted to pH 5.5, 5.0, and 4.5 with acetic acid. For
each treatment the crushed rock and reactant solution were
placed in a Teflon bottle and shaken for 1 hour. After each
treatment the leachates were centrifuged, solutions were de-
canted for analysis, and solids were returned to the bottle for
the next treatment. In the single-leach experiments, three
crushed rock samples (one gneiss and two granites) were split
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into two equal-size subsamples. One subsample was reacted
with 100 mL of DI, and the other was reacted with 100 mL of
1-M NH4-Ac solution ( pH 7.0). Each subsample was reacted
for 1 hour, and the resulting leachates were separated from the
solids by centrifugation. Both sets of experiments were con-
ducted at room temperature (22 6 28C). Sr isotopic composi-
tions of leachates were analyzed as previously described. So-
lutions were analyzed for Ca, Mg, Na, Si, and Sr concentrations
by inductively coupled plasma (ICP) and K by atomic absorp-
tion spectroscopy. Sr concentrations in all of the input NH4-Ac
solutions were below the detection limit of ,0.01 meq L21.
Detection limits were ,1 mmol L21 for Ca, Mg, Na, K, and Si.
Precipitation, surface-water, and soil-water samples were

collected during 1994 to characterize the Sr-isotopic composi-
tion of waters in Loch Vale (Figure 1). Stream water samples
were collected semiweekly to weekly at the Andrews Creek and
Icy Brook gages from early April (prior to snowmelt) through
mid-October, when the channel was covered by snow. Samples
also were collected at the Icy Brook, Andrews Creek, and the
Loch outlet gages in 1991 and 1992, although less frequently
than in 1994. Six depth-integrated snowpack samples were
collected using an aluminum corer in early April, near peak
snow accumulation (approximately 2 m depth). Samples were
stored in prerinsed polyethylene bags and melted in poly-
ethelene containers in the laboratory [Campbell et al., 1995].
Bulk rain samples were collected approximately weekly be-
tween June 15 and August 30, 1994, at two elevations in the
watershed. The polyethylene bulk collector consisted of a fun-
nel connected to a bottle using a piece of looped tubing. Out-
flow chemistry was monitored at two adjacent alpine micro-
catchments (Figure 1). Storm runoff was collected at a 30-m2

bedrock outcrop during nine summer rain events in 1994 to
evaluate the importance of dry deposition in the alpine zone
(see Clow and Mast [1995] for details). The second microcatch-
ment, referred to hereafter as the soil microcatchment, con-
sisted of a small pocket of soil surrounded by granitic bedrock,

with an area of 39 m2. The soil microcatchment was used for
weathering mass balance studies from 1989 through 1995
[Clow, 1992; Drever and Clow, 1995; Clow and Drever, 1996].
Outflow from the soil microcatchment was primarily from sub-
surface drainage and thus represents alpine soil water. Forest
soil water was collected weekly from five pairs of suction ly-
simeters at depths from 20 to 50 cm in the subalpine forest
zone; samples were composited into early (May 25 to June 22)
and late (June 23 to September 1) summer samples for 87Sr/
86Sr analyses. Spring and seep water emanating from talus was
collected in September 1994 during low-flow conditions. All
water samples were analyzed for major-element chemistry, but
only results for Sr, Ca, and Na are presented here; a subset of
samples were analyzed for 87Sr/86Sr. Samples were filtered
through prerinsed 0.45-mm membrane filters and preserved
with concentrated high-purity nitric acid. Sr, Ca, and Na con-
centrations were determined by ICP spectroscopy.

Results
Solid Phases

The rock sample from Loch Vale has a whole rock 87Sr/86Sr
ratio of 0.88432 (Table 1), which is within the range of 87Sr/86Sr
ratios reported for other Precambrian granitic rocks in Rocky
Mountain National Park [Peterman et al., 1968]; 87Sr/86Sr ratios
of the bedrock minerals increase in the order plagioclase ,
microcline , biotite (Table 1). The relatively low 87Sr/86Sr
ratio of plagioclase is consistent with the low Rb concentration
in the mineral; minerals with low Rb concentrations generate
little new 87Sr over time, so their 87Sr/86Sr ratios tend to re-
main near the initial 87Sr/86Sr ratio of the rock [Faure, 1986].
The biotite separated from the alpine soil had a substantially
lower 87Sr/86Sr ratio (1.9016) than the biotite separated from
the bedrock (4.8339). Lower 87Sr/86Sr ratios and higher Sr
concentrations have been reported previously for oxidized bi-
otites compared to their fresh counterparts [Clauer, 1981;
Bullen et al., 1997] and may be explained in part by uptake of
Sr from soil solutions via exchange reactions. It is also possible
that the soil biotite contained some chlorite, because chlorite
partially replaces biotite in some of the altered rocks. Chlorite
might be expected to have a 87Sr/86Sr ratio similar to the initial
87Sr/86Sr ratio of the rock (0.7025; [Peterman et al., 1968])
owing to its lack of monovalent alkali sites [Bailey et al., 1996].
It was not possible to separate chlorite from the soil or rocks
for Sr analysis because of its intimate association with biotite.
The 87Sr/86Sr of exchangeable cations extracted from the

two soil profiles varied over a relatively narrow range from
0.71861 to 0.72227 (Table 1). These values are consistent with
derivation of exchangeable Sr from a mixture of bedrock
weathering and atmospheric deposition, although a purely
bedrock weathering source cannot be ruled out. Both soil pro-
files showed a similar trend of increasing 87Sr/86Sr with depth,
although the trend was more pronounced for the alpine soil
(Table 1). The water-soluble portion of the eolian dust sample
had a relatively low 87Sr/86Sr ratio (0.71005), similar to ratios
reported for Paleozoic marine carbonate minerals which are
prevalent in the arid basins to the west [Capo and DePaolo,
1990; Marshall et al., 1991; Dia et al., 1992]. On the basis of
XRD analysis, the mineralogy of the dust included plagioclase,
quartz, and possibly chlorite, smectite, and kaolinite, all of
which are minerals commonly found in Loch Vale soils. The
XRD analysis also detected calcite and perhaps gypsum, which
are not present in the local soil material. Inorganic carbon

Table 1. Strontium Isotopic Ratios and Sr and Rb
Concentrations of Rocks, Minerals, and Exchangeable
Cations From Catchment Soils

Concentrations

87Sr/86Sr Sr, ppm Rb, ppm

Rocks and Minerals
Whole rock 0.88432 nm nm
Microcline,* #1 0.85092 187 470
Microcline, #2 0.83059 167 416
Fresh (bedrock) biotite* 4.8339 10 575
Oxidized (soil) biotite 1.9016 23 627
Plagioclase (An27)* 0.71956 261 11
Bedrock calcite* 0.73215 858 nm
Dry deposition (soluble fraction) 0.71005 1960 nm

Exchangeable Cations
Alpine soil, 0–18 cm 0.71861 nm nm
Alpine soil, 18–33 cm 0.72043 nm nm
Alpine soil, 33–53 cm 0.72227 nm nm
Forest soil, 0–10 cm 0.71910 nm nm
Forest soil, 10–24 cm 0.71898 nm nm
Forest soil, 24–37 cm 0.71949 nm nm

The 87Sr/86Sr and Sr concentration of bedrock calcite were estimated
based on leaching experiments described in the text; nm, not mea-
sured.
*Minerals and mineral compositions that were used to predict 87Sr/

86Sr of Sr released by mineral weathering.
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analysis indicated that calcite accounted for 1% of the dust by
weight.
Ca concentrations in the leachates from the sequential-

leaching experiment ranged from 24 to 652 mmol L21, and
87Sr/86Sr ranged from 0.73215 to 0.83501 (Figure 2). Strontium
87/strontium 86 was lowest and Ca concentration was highest
in the first leach. Sr concentrations are not shown but were
highly correlated with Ca (r2 5 0.99). Sequential leaches
yielded progressively higher 87Sr/86Sr ratios and lower Ca con-
centrations, except at the lowest pH, where concentrations of
Ca and Si increased slightly. Na and Si concentrations were
relatively low in all leachates, ranging from,1 to 60 mmol L21

and 7 to 18 mmol L21, respectively (Figure 2). In the single-
leach experiments, substantially more Ca, Mg, and Sr were
released from the crushed rocks in the NH4-Ac solution than
in DI, but the amounts of Na and K released were generally
similar in the two solutions (Table 2). As in the sequential-
leach experiment, Si concentrations in the leachates were low,
especially in the DI treatments. The 87Sr/86Sr of the leachates
in the single-leach experiment ranged from 0.73468 to 0.74394.

Precipitation, Surface Water, and Subsurface Water

The range of Sr isotopic ratios measured in Loch Vale wa-
ters is illustrated in Figure 3. The least radiogenic samples
were rain and snow, which had 87Sr/86Sr ratios that ranged
from 0.70915 to 0.71485, within the range of 0.7077 to 0.7162
reported for precipitation in the literature [Graustein and Arm-
strong, 1983; Aberg et al., 1989; Miller et al., 1993; Blum et al.,
1994; Bailey et al., 1996; Bullen et al., 1996]. Oceanic (87Sr/
86Sr 5 0.70910 6 0.00004 [Burke et al., 1982]) and terrestrial
dust sources (variable 87Sr/86Sr [Andersson et al., 1990]) were
found to be the main controls on the 87Sr/86Sr of precipitation
and aerosols in a study in Scandinavia [Andersson et al., 1990].
The average isotopic ratios of rain (0.71133) and snow
(0.71205) in Loch Vale were not statistically different; how-
ever, snowpack samples showed a greater range of values than
the bulk rain samples (Figure 3). It seems likely that eolian
carbonates may strongly influence the chemistry of rain in
Loch Vale, driving up Ca and Sr concentrations and regulating
Sr ratios within a narrow range. The average isotopic compo-

Figure 2. Plot of 87Sr/86Sr and Ca, Na, and Si concentrations of sequential ammonium-acetate leaches of
crushed gneiss.

Table 2. Solute Concentrations and 87Sr/86Sr Ratios of Leachates Obtained From
Reacting Crushed Rock with Deionized Water and Ammonium Acetate

Rock Type Treatment Ca Mg Na K Sr SiO2
87Sr/86Sr

Altered gneiss DI 295 41 28 39 0.16 ,1 0.73468
Altered gneiss NH4-Ac 1150 82 17 41 0.86 ,1 0.73514
Granite 1 DI 25 4 24 25 0.08 2 0.73850
Granite 1 NH4-Ac 490 58 33 82 1.03 43 0.73477
Granite 2 DI 90 21 117 112 0.16 2 0.74190
Granite 2 NH4-Ac 543 111 122 140 0.73 31 0.74394

Concentrations of Ca, Mg, Na, K, and Sr are in meq L21; SiO2 is in mmol L21. DI, deionized water;
NH4-Ac, ammonium acetate.
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sition of runoff from the bedrock microcatchment was 0.71245,
only slightly higher than that of bulk rain. This value is also
similar to that of the soluble portion of the dust sample
(0.7101) but much lower than any of the local bedrock minerals
(Table 1), indicating that atmospheric dust was the dominant
source of the dissolved Sr in the bedrock runoff.
The Sr isotopic composition of stream water samples ranged

from 0.72668 to 0.73247 and was substantially more radiogenic
than precipitation (Figure 3). This range of values is charac-
teristic of waters draining Precambrian rocks [Wadleigh et al.,
1985;Wickman and Aberg, 1987; Aberg et al., 1989] and reflects
the release of radiogenic Sr from the weathering of bedrock

minerals. The 87Sr/86Sr of stream water is plotted with stream
discharge for Andrews Creek during the 1994 snowmelt period
in Figure 4; for clarity, discharge for Icy Brook is not shown but
it is highly correlated with discharge at Andrews Creek (r2 5
0.89). Strontium 87/strontium 86 exhibited a similar seasonal
pattern in both streams; the highest ratios occurred during
low-flow periods in early spring and late fall, and the lowest
ratios occurred during peak flows in summer. The strong sea-
sonal pattern observed in Loch Vale differs from previous
studies, which indicated little temporal variation in stream
water 87Sr/86Sr [Bain and Bacon, 1994; Bullen et al., 1994;
Bailey et al., 1996]. The most radiogenic stream water samples

Figure 3. Plot of 87Sr/86Sr of water samples collected in Loch Vale in 1994. Bars represent range of ratios
and symbol is the average ratio measured for each water type. Range of values presented for Andrews Creek
and Icy Brook also includes samples collected during 1991 and 1992.

Figure 4. Plot of 87Sr/86Sr of Andrews Creek and Icy Brook stream water and discharge in Andrews Creek
during the 1994 snowmelt season. Discharge at the beginning and end of the hydrograph (dashed lines) was
estimated using a logarithmic extrapolation of measured flows.
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collected in the present study were from Andrews Creek in
early April, before the onset of snowmelt (Figure 4). Because
discharge was at its yearly minimum, these 87Sr/86Sr values
probably reflect the chemistry of shallow groundwater, which is
thought to dominate stream water inputs during base flow.
Stream water base-flow samples were not obtained from Icy
Brook because surface flow normally ceases at the Icy Brook
gage during the winter. Interestingly, the isotopic composition
of Andrews Creek was slightly more radiogenic than Icy Brook
during all periods of the hydrologic cycle (Figure 4); 87Sr/86Sr
ratios in the Loch outlet (not shown) were intermediate be-
tween Andrews Creek and Icy Brook in 1991 and 1992.
Soil solutions exhibited Sr-isotopic ratios intermediate be-

tween precipitation and stream water (Figure 3), suggesting
that soil Sr is derived from a mixture of atmospheric and
bedrock sources. It is interesting that soil solutions do not seem
to be in equilibrium with the cation-exchange pool (Figure 3,
Table 1). At the alpine site, soil water was less radiogenic than
the exchange pool, but at the forest site, soil solutions were
more radiogenic than the exchange pool. Soil solutions gener-
ally showed little variation, despite substantial differences in
hydrology during the sampling period. Alpine soil solutions
were consistently less radiogenic than the forest soil solutions
(Figure 3). Springs and seeps exhibited the widest range of Sr
isotopic ratios of the water types sampled in the basin (Figure
3). Most of these samples were collected near the base of large
talus slopes, although some were from midslope positions. On
the basis of their chemistry, most of the springs are thought to
represent shallow subsurface flow in the alpine zone [Campbell
et al., 1995; Clow et al., 1995]. The wide range of values in the
spring samples emphasizes that a large amount of spatial vari-
ability can exist in the 87Sr/86Sr of Sr released by weathering
even in areas of relatively homogeneous bedrock.
Figure 5 shows the range of Sr and Ca concentrations in

Loch Vale water samples analyzed for Sr isotopes. Ca and Sr

were highly correlated in all water types (r2 5 0.88 for the
entire group of samples), supporting the hypothesis that Sr can
be useful for tracing sources of dissolved Ca. Snow was ex-
tremely dilute, with most samples having Sr concentrations
near the detection limit of 0.01 meq L21. Sr concentrations in
bulk rain were slightly higher, averaging 0.06 meq L21. Vol-
ume-weighted mean (VWM) Sr concentrations in Andrews
Creek and Icy Brook were 0.145 and 0.157 meq L21, respec-
tively. Soil solutions had an average Sr concentration of 0.203
meq L21. Of the water types sampled in Loch Vale, Sr con-
centrations in the springs and seeps exhibited the largest range
and highest values, as they did for 87Sr/86Sr. The average
springwater Sr concentration of 0.450 meq L21 was 3 times the
VWM concentration of stream water.

Discussion
Separation of Atmospheric and Weathering Sources of Sr

The ultimate sources of Sr (and by implication Ca) to un-
disturbed alpine/subalpine watersheds are atmospheric depo-
sition, which includes wet and dry deposition, and weathering
of local bedrock minerals. Although adequate methods exist
for estimating wet-deposition fluxes to watersheds, measure-
ment of the dry-deposition flux of Ca, which occurs mainly
through gravitational settling of particulates transported by
wind, has remained problematic [Fennelly, 1976; Gatz et al.,
1986; Edgerton et al., 1991; Clow and Mast, 1995]. Sampling of
seasonal snowpacks provides a means for measuring bulk at-
mospheric inputs (wet plus dry) during the winter, but there is
no universally accepted method for directly measuring bulk or
dry deposition inputs during the summer. Several researchers
have used Sr isotopes to evaluate the relative inputs of atmo-
spheric deposition and weathering to forested ecosystems
[Gosz et al., 1983; Graustein and Armstrong, 1983; Gosz and
Moore, 1989]. The technique involves measuring the Sr-

Figure 5. Relation between Ca and Sr concentrations for water samples collected in Loch Vale in 1994.
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isotopic ratios of a mixture, such as stream water or biomass,
and its components (i.e., Sr sources), and solving a simple
mixing equation. It is assumed that Sr behaves as an analog for
Ca. For a two-component mixture the following equation ap-
plies:

(87Sr/totalSr)m 5 x(87Sr/totalSr)a 1 ~1 2 x!(87Sr/totalSr)b (1)

where the subscripts refer to a mixture and its components. If
87Sr/86Sr values of the components differ by less than 10%,
87Sr/totalSr can be replaced by 87Sr/86Sr with little loss of accu-
racy [Bullen et al., 1997]. However, this is not the case for
system components in Loch Vale; 87Sr/totalSr can be calculated
from 87Sr/86Sr as shown in the appendix. Equation (1) can
easily be solved for x, which is the fraction of Sr derived from
component a. In this study, stream water was taken as the
mixture because it is the main Sr (and Ca) output from the
ecosystem. Atmospheric deposition was taken as component a ,
and mineral weathering was taken as component b. Volume-
weighted mean 87Sr/86Sr values were used for the stream water
(Figure 6), and a median 87Sr/86Sr ratio was used for atmo-
spheric deposition (0.7118) because it did not vary seasonally.
The 87Sr/86Sr ratio for weathering was assumed equal to the
87Sr/86Sr ratio of stream water at base flow (i.e., Andrews
Creek at the gage in early April 1994).
Selection of a weathering end-member deserves special at-

tention because it is difficult to define. In some studies, the
whole rock Sr-isotope ratio has been used [Graustein and Arm-
strong, 1983]; however, this method is problematic because it
does not take into account the variable weathering rates of
individual minerals in the bedrock. The problem is accentuated
in terranes with old rocks, such as Loch Vale, because the

87Sr/86Sr ratios of the individual minerals diverge over time.
Another approach that has been used is to assume that the
weathering end-member is equal to the Sr-isotope ratio of a
leachate obtained by reacting local geologic materials with an
acidic solution [e.g., Miller et al., 1993]. The validity of this
approach is uncertain given the variability in 87Sr/86Sr ratios
obtained in the leaching experiments in the present study. Both
approaches are complicated by the large range in 87Sr/86Sr of
bedrock that can occur because of spatial variability in the
mineralogic proportions in the bedrock.
In the present study the Sr-isotopic ratio of the stream at

base flow was used to represent the Sr signature of chemical
weathering. Hydrograph separations using d18O indicate that
the dominant source of water and solutes in the stream at base
flow is drainage of water from the shallow groundwater reser-
voir present in the young moraine and talus deposits that occur
along the alpine valley floor and its flanks [Mast et al., 1995].
Although the main geochemical process contributing cations to
water in the groundwater reservoir is undoubtedly chemical
weathering, it is likely that atmospheric deposition also makes
a small contribution. The 87Sr/86Sr of base flow was adjusted
for wet-deposition inputs using the VWM concentration of Sr
in wet deposition and assuming a precipitation 87Sr/86Sr of
0.7118. The adjustment amounted to 0.0020 units, yielding an
estimate of 0.7345 for the 87Sr/86Sr of Sr released by mineral
weathering, compared to the base-flow Sr ratio of 0.7325. Un-
fortunately, it was not possible to quantify the effect of dry-
deposition inputs on base-flow chemistry because dry-
deposition fluxes were not known a priori. The lack of
adjustment for dry-deposition inputs should cause our estimate
of the 87Sr/86Sr of mineral weathering to be slightly below the

Figure 6. Schematic of Loch Vale watershed showing the Sr-isotope ratios of various watershed compart-
ments. The 87Sr/86Sr ratios and atmospheric-deposition contribution (ADC) in percent to the streams and
soils are shown in boxes. The 87Sr/86Sr ratios for the streams were calculated as annual volume-weighted
means.
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true chemical weathering Sr-isotope ratio. For example, if the
effect of dry deposition on base flow chemistry is equivalent to
that of wet deposition, the estimated 87Sr/86Sr of mineral
weathering would be 0.7369.
The main benefit of using base flow to represent the chem-

ical-weathering end-member is that the stream effectively in-
tegrates the potentially variable isotopic signature of weather-
ing from the geologic materials in the catchment above the
gage. The variability in the 87Sr/86Sr of mineral weathering,
which is evidenced in Loch Vale by the range in the springwa-
ter Sr-isotope ratios, may result from localized zones of hydro-
thermal alteration, variations in the mineral percentages in the
rocks, or differences in weathering regimes. One potential
problem in using base-flow chemistry as a surrogate for min-
eral weathering is that in some instances, the Sr released by
weathering might change depending on hydrologic conditions.
During snowmelt for example, the water table typically rises
into soils that are unsaturated much of the year. If the miner-
alogy of those soils is substantially different from that of the
bedrock, as might be the case if the soils are extensively weath-
ered or contain autochthonous materials, then the Sr released
by weathering might be different during snowmelt than during
low-flow periods. The complication of a variable weathering
signature is more likely to be a problem in older or warmer
terrains, or areas that have undergone continental rather than
alpine glaciation. In Loch Vale, soils in the alpine zone have a
mineralogy very similar to the bedrock [Clow, 1992], but forest
soils are depleted in biotite and chlorite owing to longer and
more intense weathering [Mast, 1989]. This suggests that while
it may be reasonable to use one value (base flow) as a surrogate
for weathering in the alpine zone, it may be less appropriate at
lower elevations, where a variable weathering signature is pos-
sible depending on the hydrologic season.
Assuming a value of 0.7345 for the mineral-weathering end-

member and 0.7118 for atmospheric deposition, the mixing
calculations indicate that the atmospheric-deposition contribu-
tion (i.e., the percent of the annual flux of Sr in the stream,
referred to hereafter as ADC) of Sr to Andrews Creek was
26% (Figure 6). The ADC calculated for Icy Brook was some-
what higher (32%), and at the Loch outlet the estimated ADC
was intermediate between those of the two streams (28%). The
estimates of the ADC are sensitive to the value used for the
87Sr/86Sr of Sr released by mineral weathering. For example, if
a value of 0.7369 is used instead of 0.7345 as the 87Sr/86Sr of
mineral weathering, the estimated ADC to the streams would
be 7% higher than those indicated in Figure 6. Conversely, if
the 87Sr/86Sr of mineral weathering is actually 0.7325, then the
ADC would be 7% lower than indicated. The indeterminate
nature of the 87Sr/86Sr of Sr released by mineral weathering
precludes definitive statements about the relative contributions
of atmospheric deposition and mineral weathering to Sr in
stream water. However, the uncertainty analysis allows reason-
able limits to be set on the ADC to stream water in Loch Vale;
results indicate that atmospheric deposition probably accounts
for between one fifth and one third of the annual stream Sr
flux.
There are at least two possible explanations for the lower

87Sr/86Sr and concommittant higher estimated ADC for Icy
Brook compared to Andrews Creek. The lower 87Sr/86Sr and
higher ADCmight be due to greater atmospheric deposition of
eolian carbonate dust. This is supported by higher Ca/Na ratios
in Icy Brook than in Andrews Creek (1.8 compared to 1.6 on
a molar basis). The higher Ca/Na ratios in Icy Brook cannot be

explained by additional bedrock-calcite weathering because
that would tend to increase the 87Sr/86Sr of the stream rather
than lower it. Deposition of eolian carbonate dust might be
enhanced in the Icy Brook drainage because of the prevalence
of gently sloping terrain in the valley bottoms and on the ridge
tops. Those areas contain shallow pockets of vegetated soil that
might be relatively effective at trapping eolian dust.
Another possible explanation for the higher ADC estimated

for Icy Brook is that it could be an artifact of using the same
weathering signature for both subbasins, which might be inap-
propriate. If the Sr released by weathering in the Icy Brook
drainage has a lower average 87Sr/86Sr ratio than in the An-
drews Creek drainage, then the atmospheric contribution cal-
culated for Icy would be overestimated. As noted above, spa-
tial variations in the 87Sr/86Sr of Sr released by weathering
could be caused by minor differences in the primary mineral-
ogy of the bedrock, the amount of hydrothermal alteration
products, or the importance of physical weathering. Possible
differences in mineralogy or alteration are difficult to evaluate.
Although there are no obvious differences in the percentage of
gneiss and granite or in the degree of alteration between the
Andrews and Icy subbasins, any differences may be too subtle
to quantify. There are, however, quantifiable differences in
topography. Approximately 30% of the Icy drainage has slopes
of less than 258, but in the Andrews subbasin, only 20% of the
area has a slope of less than 258. Most of the difference in slope
distribution may be attributed to the wider valley bottom in the
Icy drainage than the Andrews drainage. Because physical
weathering is particularly active on very steep slopes in the
alpine zone, the Andrews subbasin may have a higher average
physical weathering rate than the Icy subbasin. This has im-
portant implications pertaining to the 87Sr/86Sr of Sr released
by weathering in the two subbasins. It has been postulated that
the Sr released from recently exposed rock surfaces by physical
weathering might have a substantially higher 87Sr/86Sr ratio
than the Sr released from rocks that have been exposed for
longer periods of time [White et al., 1992; Blum et al., 1994;
Blum and Erel, 1995;White et al., 1996; Bullen et al., 1997]. The
proposed mechanism is related to incipient weathering of bi-
otite and perhaps K-feldspar. In the first stage of biotite weath-
ering, Fe12 is oxidized to Fe13, and in order to maintain
charge balance, interlayer cations are exchanged for cations in
solution [Rebertus et al., 1986; Acker and Bricker, 1992]. The
interlayer cations are predominantly K, but also include 87Sr
produced by decay of 87Rb. Small amounts of unradiogenic Sr
might occupy octohedral sites in biotite due to substitution of
Sr for Mg during crystallization; because this Sr would be
relatively unradiogenic, the leaching of 87Sr from interlayer
sites could lead to a decrease in the 87Sr/86Sr of biotite over
time. Sr may also be taken up from soil solutions via exchange
reactions; since soil solution Sr has a much lower 87Sr/86Sr than
fresh biotite (Table 1, Figure 3), it also could contribute to the
decline in 87Sr/86Sr as weathering proceeds. This is supported
by observations of decreasing 87Sr/86Sr and increasing Sr con-
centrations in biotites from progressively weathered soils
[Clauer, 1981; Bullen et al., 1997]. Evidence that this process
occurs in Loch Vale is provided by the higher Sr concentration
and lower Sr-isotope ratio in the biotite obtained from the soil
compared to the biotite separated from the bedrock (Table 1).
K-feldspar could provide another transient source of radio-
genic Sr. Bullen et al. [1996] have proposed that K-feldspar
might release Sr held in defect sites in the crystal lattice, which
might tend to dissolve preferentially because they are locations
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of high free energy [Wollast, 1967; Goosens et al., 1989; Gautier
et al., 1994]. The Sr losses from biotite and microcline are rapid
relative to the Sr loss from and weathering of plagioclase. Thus
the 87Sr/86Sr in the residuum will decrease over time. This is
supported by studies in the Sierra Nevada [Blum et al., 1994]
and Wind River mountains [Blum and Erel, 1995], in which
inverse correlations were noted between the age of glacial till
and the 87Sr/86Sr of exchangeable cations in till soils. Similar
trends were identified in a soil chronosequence in the Sierran
foothills [White et al., 1992].
The cation-exchange pools of the soils sampled on the basin

floor have Sr with relatively low 87Sr/86Sr ratios (Table 1)
compared to stream water (Figure 3). Sr-source calculations
made for the cation-exchange pools in the forest and alpine
soils using a 87Sr/86Sr of 0.7345 for the mineral weathering
end-member are shown in Figure 6. Substituting mineral-
weathering end-member values of 0.7369 and 0.7325 shift the
estimated atmospheric-deposition contributions by 13% and
23%, respectively. These results suggest that roughly one half
to three fourths of the Sr in the cation-exchange pools at the
two soil-sampling sites has an atmospheric-deposition source.
If the Sr released by weathering in the soils has a lower 87Sr/
86Sr than that assumed, as could be the case if soils are de-
pleted in radiogenic minerals such as biotite, then the atmo-
spheric-deposition contribution would be overestimated. The
increase in 87Sr/86Sr ratio with depth in the alpine and forest
soils probably reflects the way bedrock mineral-weathering
sources of Sr mix with atmospheric-deposition sources; be-
cause atmospheric deposition falls on the soil surface, that is
where its influence tends to be greatest. Alternatively, the
upper soil horizons might be more altered by weathering than
the deeper soils. Nutrient cycling and physical disturbances
may partially obscure the pattern of 87Sr/86Sr with depth in the
forest soils [Graustein and Armstrong, 1983; Gosz and Moore,
1989].
Using the results of the Sr-source calculations for the

streams and making the assumption that Sr can be used as an
analogue for Ca, annual wet and dry atmospheric-deposition
fluxes of Ca were calculated for Loch Vale. Annual atmo-
spheric deposition of Ca was calculated by multiplying annual
stream exports of Ca times the fraction of Sr (and by implica-

tion Ca) in stream water derived from atmospheric deposition
(Figure 6). Winter bulk deposition of Ca was calculated on the
basis of the Ca concentration and water content of the snow-
pack at maximum accumulation (early April). Winter and sum-
mer wet deposition were calculated from the wet-deposition
chemistry and precipitation amounts measured at the wet-
deposition collector in Loch Vale [National Atmospheric Dep-
osition Program/National Trends Network Coordination Office
(NADP/NTN), 1984–1994]. Winter dry deposition was com-
puted as the difference between winter bulk and winter wet
deposition. Summer dry deposition was calculated by differ-
ence as shown below and in Table 3:

total atmospheric deposition

2 (winter wet deposition 1 winter dry deposition

1 summer wet deposition) 5 summer dry deposition

Average annual fluxes of Ca in wet deposition were estimated
to be 1.32 kg ha21 yr21 for the period 1992 through 1995,
compared to mean annual stream exports of 8.89 kg ha21 yr21

(Table 3). Winter wet-deposition inputs were substantially
lower than summer wet-deposition inputs because concentra-
tions in snow are much lower than those in rain. The higher
concentrations in rain might be because rain is more efficient
than snow at scavenging Ca aerosols from the atmosphere
[Likens et al., 1977]. Average winter dry deposition was esti-
mated to be 0.58 kg ha21 yr21. The effect of uncertainty in the
atmospheric deposition-contribution estimates was tested by
varying the ADC from 21 to 35%. Summer dry deposition and
total annual atmospheric deposition flux estimates were highly
dependent on the choice of ADC. Essentially zero summer dry
deposition was predicted when the ADC was set to 21%. Es-
timated fluxes of summer and winter dry deposition were ap-
proximately equal when an ADC of 28% was used, and when
ADC was assumed to be 35%, summer dry-deposition fluxes
were calculated to be about twice that of winter dry deposition
fluxes.
Unfortunately, these calculations did not provide a precise

estimate of summertime dry deposition of Ca. However, it is
possible to place reasonable bounds on summer dry deposition
on the basis of certain observations. First, it can be noted that
in the Rocky Mountains and surrounding basins, wind erosion
is likely to be more important in the summer than in the winter
because much more soil is exposed (there is less snow cover),
and soil conditions are generally drier. Thus it seems unlikely
that transport and deposition of eolian dust in the summer
would be zero; it should perhaps be at least as important as it
is in the winter. Second, the ratio of VWM Ca concentrations
in wet and bulk deposition samples collected in Loch Vale are
similar during the summer and winter. During a 6-week period
in the summer of 1994, VWM Ca concentrations in wet and
bulk deposition were 8.5 and 23.0 meq L21, respectively
[NADP/NTN, 1984–1994; Clow and Mast, 1995]. From 1992
through 1995, the VWM Ca concentrations in wet deposition
and the snowpack at maximum accumulation were 2.9 and 7.7
meq L21 [NADP/NTN, 1984–1994]. Although these data are
from different time periods, they suggest that summertime
dry-deposition fluxes of Ca are at least comparable to winter
dry-deposition fluxes in Loch Vale and may be higher. These
observations also indicate that an ADC of 21% is too low
because a summer dry-deposition Ca flux of near zero is pre-
dicted using that value (Table 3), which is unlikely. ADC values

Table 3. Estimated Annual Atmospheric Deposition Input
Fluxes of Ca at the Loch Vale Watershed for the Period
1992 Through 1995

Atmospheric Deposition Contribution,
%

21 28 35

Atmospheric deposition
(ADC 3 stream export)

1.87 2.49 3.11

Minus winter wet 20.35 20.35 20.35
Minus winter dry
(bulk 2 wet)

20.58 20.58 20.58

Minus summer wet 20.97 20.97 20.97
Equals summer dry 20.03 0.59 1.21

The atmospheric deposition contribution is the estimated percent of
the annual Sr (or Ca) flux in streamwater at the Loch outlet that is
derived from atmospheric deposition. Units are kg ha21 yr21. Mean
annual stream exports of Ca were 8.89 kg ha21 yr21. Sources: stream
exports from J. Baron, National Biological Service, written communi-
cation, 1996; wet deposition inputs from National Atmospheric Depo-
sition Network/National Trends Network [1984–1995].
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of 28% and 35% give dry-deposition flux estimates that are
more consistent with observed differences in VWM concentra-
tions of Ca in wet and bulk deposition.

The 87Sr/86Sr Ratio of Bedrock Calcite

The processes considered most likely to affect the solute
concentrations and 87Sr/86Sr ratios of leachates in the two
laboratory experiments include carbonate mineral dissolution,
silicate mineral dissolution, and cation exchange. In the se-
quential-leach experiments, the evolution of solute and 87Sr/
86Sr ratios of the leachates argues for a change in the relative
importance of these processes during the course of the exper-
iment (Figure 2). It appears that initially, carbonate dissolution
was the dominant source of solutes, but it became less impor-
tant in subsequent treatments, perhaps because less carbonate
was available for reaction. This is supported by the initially
high, but rapidly declining, Ca concentrations and Ca/Na ratios
in the leachates. Dissolution of 101 mmol of calcite is required
to account for the amount of Ca released to solution. This
compares to a total calcite content of 240 mmol in the 6-g
sample of crushed rock based on 0.4% calcite by weight (mea-
sured on a separate subsample by coulometric titration). These
data indicate that not all of the calcite in the rock dissolved, but
this is reasonable because some calcite was probably present
inside mineral grains that did not contact the reacting solu-
tions. Throughout the experiment, Ca/Si and Ca/Na ratios
were much higher than would be expected from stoichiometric
dissolution of the dominant silicate minerals. The relatively
high 87Sr/86Sr ratios in solutions from later treatments indicate
release of Sr from biotite and perhaps microcline, which were
the only minerals present having 87Sr/86Sr ratios radiogenic
enough to explain the high 87Sr/86Sr ratios in the more acidic
leachates. Exchange and mineral dissolution are both plausible
mechanisms for release of Sr from biotite and microcline,
although exchange is perhaps more likely from biotite than
from microcline because mica has a more open mineral struc-
ture. Low Na concentrations in most of the leachates indicate
that cation exchange from and dissolution of plagioclase were
of minor importance. A modest increase in mineral dissolution
rates in the most acidic solution is indicated by a small increase
in Ca and Si concentrations in the final leachate (Figure 2).
The single-leach experiments were done in order to further

evaluate the relative importance of carbonate dissolution and
cation exchange in influencing the 87Sr/86Sr ratios of the
leachates. It is important to characterize the effect of cation
exchange relative to carbonate dissolution because small
amounts of exchangeable Sr from biotite could have a major
influence on the 87Sr/86Sr ratios of the leachates. Prior to the
experiment, it seemed likely that cation-exchange reactions
would be minimal in DI but might be more important in the
NH4-Ac solutions because of the strong exchange characteris-
tics of NH4-Ac [Thomas, 1982]. Surprisingly, results indicated
that there was little difference in the contributions from cation
exchange in the two treatments based on the similarity of Na
and K concentrations in the DI and NH4-Ac leachates (Table
2). One possible explanation is that there might have been a
limited number of exchange sites occupied by Na and K at the
mineral surfaces, and the acidity in DI might have been suffi-
cient to remove most of the exchangeable Na and K that was
readily available. A small amount of acidity in DI could be
derived from dissolved atmospheric CO2, which would form
carbonic acid. An important implication is that the additional
Ca and Sr released in the NH4-Ac treatments probably was

mostly due to carbonate mineral dissolution rather than cation
exchange. Mg concentrations were somewhat higher in the
NH4-Ac leachates compared to the DI leachates, but the
source of the Mg is uncertain. It is interesting that the granite-2
leachates had the highest K concentrations and the highest
87Sr/86Sr ratios. These data might indicate that biotite or mi-
crocline had a relatively large influence on those leachates.
To summarize, it appears that in the first treatment of the

sequential-leach experiment and in the NH4-Ac treatments of
the single-leach experiment, carbonate mineral dissolution was
the dominant process controlling solute release. This suggests
that the 87Sr/86Sr ratios of those leachates, which ranged from
0.73215 to 0.74394, reflect that of bedrock carbonate. The ratio
obtained from the altered gneiss (0.73215, Figure 2) probably
provides the best estimate of the 87Sr/86Sr of Sr released by
weathering of bedrock carbonate because the altered gneiss
has the highest carbonate content of the rocks in the watershed
[Mast, 1989]. This value is reasonable given that the Sr in the
bedrock carbonate probably was derived from a mixture of
mineral sources during the Laramide orogeny, approximately
65 million years ago. Those mineral sources include the pla-
gioclase, biotite, and microcline present in the local bedrock
units, whose 87Sr/86Sr ratios had evolved by that time to values
similar to those of the present. It should be noted that if some
of the Sr in the leachates was released by biotite or microcline
via cation exchange, then the estimate of the 87Sr/86Sr of bed-
rock carbonate provided by the leaching experiments would be
too high.

Relative Mineral Weathering Rates

Determination of the types and relative rates of mineral-
weathering reactions operating in a watershed is fundamental
to identifying the sources of solutes in surface water and
groundwater. Traditionally, the mass balance technique has
been used to attempt to identify and quantify weathering re-
actions [e.g., Garrels and Mackenzie, 1967]. Unfortunately,
when there are multiple possible sources of a given element, as
is common for Ca, it is difficult to obtain a unique result. Blum
et al. [1994] used Sr isotopes to further constrain the results of
mass balance calculations done on stream waters in granitic
terrane in the Sierra Nevada. Using the Sr concentrations and
87Sr/86Sr ratios of the minerals in conjunction with weathering
rates estimated by mass-balance, they attempted to predict the
87Sr/86Sr of Sr released by weathering and compare it to the
87Sr/86Sr measured in the streams. The equation may be writ-
ten as

(87Sr/totalSr)m

5 @RaCa(87Sr/totalSr)a 1 z z z RnCn(87Sr/totalSr)n#/Cm (2)

where C is the Sr concentration in a mineral and R is its
relative weathering rate estimated from the mass balance. The
subscript m refers to the mixture of solutes obtained from
mineral weathering, and the other subscripts refer to the com-
ponents (minerals). It is assumed that mineral weathering is
the main source of solutes in the mixture. Close similarity
between predicted and measured 87Sr/86Sr ratios does not
prove that the estimated mineral-weathering rates are correct,
but it does indicate whether they are reasonable.
Relative mineral-weathering rates were calculated by mass

balance using weathering reactions listed in Table 4, which
were identified byMast [1992] and Clow [1992], on the basis of
petrography, microprobe, and X ray diffraction analyses of
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soils and rocks. The calculations were based on the solute
ratios in Andrews Creek at base flow. Only a brief description
of the mass balance calculations is provided here; for details
see work by Mast et al. [1990], Mast [1992], Clow [1992], and
Clow and Drever [1996]. VWM precipitation concentrations
were subtracted from stream water concentrations to obtain
the net solute flux attributable to weathering. All of the Na in
the net solute flux was assigned to weathering of plagioclase
(An27) to kaolinite. This also accounted for some of the Ca;
remaining Ca was assigned to calcite dissolution. Mg and K
were attributed to weathering of biotite to a mixed-layer smec-
tite clay containing approximately 30% illite layers. Any re-
maining K was assigned to weathering of microcline to kaolin-
ite. As previously noted, chlorite partially replaces biotite in
some of the altered rocks, and the mineral phase referred to
here as biotite probably included some chlorite. In a laboratory
dissolution experiment on a biotite separated from an alpine
soil in Loch Vale ( pH 5.6, 208C [see Clow 1992]), the stoichi-
ometry of solute release was consistent with dissolution of
biotite and chlorite in a 2:1 ratio. However, nonstoichiometric
dissolution of biotite could also explain the solute ratios in the
leachates [Acker and Bricker, 1992], and unfortunately it is not
possible to determine which of these processes was dominant.
In the mass balance it was assumed that biotite and chlorite
weathered in a 2:1 ratio, although in the discussion below, the
chloritized biotite is referred to simply as biotite. The soil-
derived biotite listed in Table 1 probably contained some chlo-
rite, which is presumably reflected in its Sr isotopic ratio and
concentration. Chlorite should have a relatively low Sr-isotope
ratio, so if it was present in either of the biotites listed in Table
1, it would have the effect of lowering the measured 87Sr/86Sr
ratio below that of pure biotite.
The mass balance calculations indicate that plagioclase

weathering accounted for 42% of the weathering flux in the
Andrews Creek subbasin at base flow, calcite accounted for
38%, biotite accounted for 18%, and microcline accounted for
2% (expressed as moles of each type of mineral weathered
divided by the total moles of all minerals weathered; Table 5).
Equation (2) was used to predict the 87Sr/86Sr of Sr released by
weathering of plagioclase, bedrock calcite, bedrock biotite, and
microcline in the proportions estimated from the mass balance
calculations. Initially, the 87Sr/86Sr ratios and concentrations of
the bedrock minerals listed in Table 1 were used in the calcu-
lations. Subsequently, the 87Sr/86Sr ratios of the plagioclase,
bedrock calcite, and biotite were varied to test how uncertainty
in mineral Sr ratios would affect the predicted 87Sr/86Sr. The
87Sr/86Sr of plagioclase was varied from the initial rock 87Sr/
86Sr ratio of 0.7025 to 0.725; higher ratios are unlikely for a
mineral containing few monovalent alkali sites, such as plagio-

clase [Bailey et al., 1996]. The 87Sr/86Sr of bedrock calcite was
varied from 0.731 to 0.736, spanning the range of values con-
sidered most likely based on the results from the leaching
experiments (Figure 2). The 87Sr/86Sr of biotite was varied
from 1 to 5 to include the measured values of fresh and oxi-
dized biotites (Table 1), as well as values that might be ex-
pected from a biotite/chlorite mixture.
Using the measured 87Sr/86Sr ratios and Sr concentrations,

the estimated 87Sr/86Sr of Sr released by weathering was 0.7419
(Table 5), which is somewhat higher than the value estimated
from the base-flow stream chemistry (0.7325). Plausible varia-
tions in the plagioclase and bedrock calcite 87Sr/86Sr ratios
cannot account for the difference between bedrock-weathering
87Sr/86Sr estimates (Figure 7a and b). In contrast, variability in
the 87Sr/86Sr of biotite could cause large differences in the
87Sr/86Sr of Sr released by weathering (Figure 7c). The 87Sr/
86Sr of Sr released from biotite may vary depending on land-
scape position. Despite the immaturity of soils in the alpine
valley bottoms, biotite from those soils probably release Sr that
is substantially less radiogenic than biotite in areas of higher
relief, which presumably have been exposed to weathering for
a shorter period of time. The biotite-derived Sr in the stream
may represent a mixture of Sr from biotites in various terrains.
The 87Sr/86Sr signature of weathering was predicted using

two Sr-concentration scenarios for biotite. A constant Sr-
concentration model is shown to allow comparisons with Fig-
ure 7a and b. A variable Sr-concentration model is also shown
because in this study the oxidized biotite has a substantially
higher Sr concentration than fresh biotite, which is consistent
with trends in Sr concentrations in weathered biotites noted in
previous work [Clauer, 1981; Bullen et al., 1997]. In the variable

Table 5. Relative Mineral Weathering Rates and 87Sr/86Sr
Ratios Predicted for Weathering of Geologic Materials in
the Loch Vale Watershed

Andrews Creek, Base Flow

Relative Weathering Rate
Plagioclase 0.42
Calcite 0.38
Biotite 0.18
Microcline 0.02

87Sr/86Sr Ratio
Measured 0.7325
Predicted
If biotite 87Sr/86Sr 5 1.0000 0.7329
If biotite 87Sr/86Sr 5 1.9016 0.7398
If biotite 87Sr/86Sr 5 4.8339 0.7419

Table 4. Weathering Reactions Used in Mass Balance Calculations

Reaction

Biotite to mixed-layer smectite-illite 1.15(K0.98Mg1.00Fe1.33Ti0.18Al0.33)(Al1.35Si2.65)O10(OH)2 1 0.10Ca12 1 0.49H4SiO4 1 1.21O2 1
2.13CO2 1 (0.73 1 n)H2O 3 (K0.32Fe0.25Ca0.10Mg0.39Al1.93Si3.54)O10(OH)2znH2O 1 0.76Mg12 1
0.81K1 1 1.28FeO(OH)(s) 1 2.13HCO3 1 0.21TiO2

Chlorite to mixed-layer smectite-illite 1.39(Mg1.81Fe2.72Al1.39)(Al1.23Si2.77)O10(OH)8 1 0.10Ca12 1 0.32K1 1 0.31H4SiO4 1 1.78O2 1
3.74CO2 1 nH2O 3 (K0.32Fe0.25Ca0.10Mg0.39Al1.93Si3.54)O10(OH)znH2O 1 2.13Mg12 1
3.53FeO(OH)(s) 1 3.74HCO3

2

Oligoclase to kaolinite Ca0.27Na0.73Al1.27Si2.73O8 1 1.27CO2 1 4.82H2O 3 0.64Al2Si2O5(OH)4 1 0.27Ca12 1 0.73Na1 1
1.46H4SiO4 1 1.27HCO3

2

Microcline to kaolinite 2KAlSi3O8 1 2CO2 1 11H2O 3 Al2Si2O5(OH)4 1 2K1 1 4H4SiO4 1 2HCO3
2

Calcite dissolution CaCO3 1 H2O 1 CO2 3 Ca12 1 2HCO3
2
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Sr-concentration model, biotite concentrations were estimated
by regressing the Sr concentration against the 87Sr/86Sr of
biotite using the data in Table 1. Results indicate that as biotite
Sr ratios increase, the predicted 87Sr/86Sr of weathering at first
increases more rapidly in the variable Sr-concentration model
than in the constant Sr-concentration model. However, above
a certain biotite Sr ratio, the 87Sr/86Sr signature of weathering
predicted by the variable Sr-concentration model begins to
decline. This decline occurs because of the decrease in mod-
eled Sr concentrations.
Uncertainty in the Sr concentrations of bedrock calcite

could also cause some error in the estimated 87Sr/86Sr of Sr
released by weathering. If the Sr concentration calculated for
bedrock calcite from the sequential-leaching experiment is an
underestimate (858 ppm, Table 1), then the predicted 87Sr/86Sr
of Sr from weathering will be too high. For example, if the Sr
concentration in bedrock calcite is assumed to be equal to that
in the soluble portion of atmospheric deposition (1960 ppm,
Table 1), the predicted 87Sr/86Sr of Sr released by weathering
would be 0.7372 rather than 0.7419.
The exposure of fresh bedrock surfaces through physical

weathering appears to have two important geochemical impli-
cations for the Loch Vale watershed, and perhaps for the
Rocky Mountains in general: (1) replenishment of the supply
of bedrock calcite available for weathering and (2) renewal of
the supply of fresh (unoxidized) biotite. Bedrock calcite weath-
ering has a large effect on the solute concentrations of the
reacting waters, in terms of elevating the Sr and Ca concen-
trations. Active physical weathering, causing exposure of fresh
rocks containing trace amounts of calcite, might explain the
dependence of Ca/Na ratio with elevation in Rocky Mountain
lakes; Stauffer [1990] noted that of the lakes sampled in the
Western Lake Survey in 1985, those from recently glaciated
alpine terrain generally had higher Ca/Na ratios than those in
less recently glaciated subalpine areas. In Loch Vale, the effect
of bedrock calcite weathering on the Sr isotopic composition of
reacting waters is to decrease the 87Sr/86Sr ratio somewhat
from the ratio expected from silicate weathering alone
(;0.748; calculated using equation (2) with carbonate weath-
ering excluded) towards that of bedrock calcite (;0.732). Ox-
idation of fresh biotite in the bedrock has a relatively small
effect on solute concentrations, releasing minor amounts of Sr;
however, it could have an important effect on the 87Sr/86Sr

ratio of reacting waters because it is so radiogenic. It seems
likely that exposure of fresh biotite through physical weather-
ing would cause the 87Sr/86Sr of Sr released by chemical weath-
ering to be higher in areas of active physical weathering, such
as cliffs and talus areas, than in areas where physical weather-
ing is less important, as on the valley floor.
Contrary to the results in this study, the 87Sr/86Sr values

predicted for weathering of Sierran rocks were below the val-
ues measured in the streams [Blum et al., 1994]. Blum et al.
[1994] attributed the underestimation of the stream 87Sr/86Sr
to an underestimation of the biotite weathering rate. They
proposed that Mg was preferentially retained in biotite during
weathering, and thus weathering rates based on Mg fluxes
underestimated the true biotite weathering rate [Blum et al.,
1994]. Dividing the absolute weathering rates by the modal
abundance of the minerals in the rock provides one measure of
the relative weathering rates of minerals and allows compari-
sons between localities. In the Sierran study the mass balance
results indicated a biotite:plagioclase weathering ratio of 0.1 to
0.5; however, calculations based on Sr isotopes suggested that
biotite weathered 4 to 6 times faster than plagioclase [Blum et
al., 1994]. Mass balance calculations in the present study indi-
cate a biotite:plagioclase weathering ratio of 0.8 for Andrews
Creek and 0.7 for the entire Loch Vale watershed. In the
present study, if the biotite weathering rate has been underes-
timated, then the 87Sr/86Sr released by weathering would be
even higher than the values predicted using equation (2),
which seems unlikely.

Partitioning of Ca Sources

As previously noted, the ultimate sources of Ca to alpine/
subalpine basins in the Rocky Mountains are weathering of
local bedrock minerals and atmospheric deposition. In Loch
Vale the bedrock minerals that contribute Ca through weath-
ering are plagioclase and interstitial calcite. Major ion chem-
istry in wet and bulk precipitation and runoff from the bedrock
microcatchment suggest that calcite dust is the main source of
Ca in atmospheric deposition [Clow and Mast, 1995]. This
hypothesis is supported by the similarity between 87Sr/86Sr
ratios in precipitation, bedrock runoff, and likely dust sources
to the west [Capo and DePaolo, 1990;Marshall et al., 1991; Dia
et al., 1992].
It is possible to partition Ca among the three main mineral

Figure 7. Variation in predicted 87Sr/86Sr of Sr released by weathering relative to possible variations in (a)
the 87Sr/86Sr of plagioclase, (b) the 87Sr/86Sr of calcite, and (c) the 87Sr/86Sr of biotite. In Figure 7c the solid
line represents the 87Sr/86Sr predicted for weathering when the Sr concentration of biotite is assumed constant
at 10 ppm. The dashed line represents the 87Sr/86Sr predicted when the Sr concentration of biotite is assumed
to follow an inverse linear relation to the 87Sr/86Sr of biotite.
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sources (eolian calcite, bedrock calcite, and plagioclase) on the
basis of the results from the mass balance and isotopic mixing
calculations reported in previous sections of this paper. Isoto-
pic mixing calculations indicated that atmospheric deposition
accounts for between one third and one fifth of the Sr and Ca
in Andrews Creek, with a “best-estimate” value of 26%. Based
on the mineral mass balance, plagioclase weathering contrib-
utes 23 6 1% of the Ca in the stream. The plagioclase contri-
bution is relatively well constrained because the weathering
reaction is well defined and the plagioclase composition varies
little within Loch Vale. The remainder of the Ca in stream
water is derived from weathering of bedrock calcite, which
accounts for between 43 and 59% of the total Ca flux, with a
“best-estimate” value of 49%.

Evolution of 87Sr/86Sr in Surface Water

The chemistry of stream water is the result of a combination
of processes that occur in the atmospheric, terrestrial, and
aquatic environments. As water moves along a given flow path,
beginning with deposition from the atmosphere, the relative
importance of the various processes changes. The effect of
several important processes on the chemical and isotopic com-
position of water in Loch Vale is illustrated in Figure 8, in
which the chemistry of water samples of various types are
plotted according to 87Sr/86Sr and Ca/Na ratios. Because pre-
cipitation represents the beginning of the hydrologic cycle, it
makes a useful chemical reference point for describing the
effects of geochemical processes on natural waters. Precipita-
tion that reacts with eolian carbonate dust will tend to have
increasing Ca/Na ratios, and relatively low 87Sr/86Sr ratios.
Plagioclase weathering will tend to decrease the Ca/Na ratio
and increase the 87Sr/86Sr of rain and snow. Weathering of
bedrock calcite will tend to increase the Ca/Na ratio, and the

87Sr/86Sr of reacting waters should tend toward a value of
about 0.732. Biotite and microcline weathering will elevate the
87Sr/86Sr ratio but will have a negligible effect on the Ca/Na
ratios because they do not contain appreciable Ca or Na.
Snow samples have relatively low 87Sr/86Sr and moderate

Ca/Na ratios; rain has similar Sr ratios, but higher Ca/Na ratios
(Figure 8). Additionally, the Sr ratio of precipitation is much
lower than that of any of the local bedrock minerals. These
data suggest that most of the Ca in precipitation is derived
from airborne carbonate dust. The higher Ca/Na ratios in rain
compared to snow indicate that carbonate particulates have an
even more important influence on the chemistry of rain than
on that of snow. Carbonate dust also appears to be a dominant
control on the chemistry of runoff from bedrock; Ca/Na ratios
are high, and 87Sr/86Sr ratios are within the range expected for
eolian carbonates. The importance of carbonate dust dissolu-
tion at the bedrock microcatchment is reasonable given the
very short residence time of water in this environment (,15
min). Only highly reactive minerals such as calcite would dis-
solve appreciably during the short periods when rain wets the
rocks and the particulates on the rock surface. Soil solutions in
the alpine zone also appear to be strongly influenced by atmo-
spherically deposited carbonates given the relatively low Sr-
isotope ratios in soil water. However, the influence of silicate
weathering is evident in the somewhat higher 87Sr/86Sr ratios
and lower Ca/Na ratios of soil water compared to rain and
bedrock runoff. Forest soil solutions are more strongly influ-
enced by silicate weathering than the alpine soil solutions, as
indicated by higher 87Sr/86Sr and lower Ca/Na ratios. This may
reflect a more intense weathering environment due to higher
average temperatures and greater concentrations of organic
acids in the forest soils. Spring and seep water samples, which

Figure 8. Relation between 87Sr/86Sr and Ca/Na ratios (meq L21) for different water types sampled in Loch
Vale.
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were collected from the talus environment, display a wide
range of 87Sr/86Sr and Ca/Na ratios; 87Sr/86Sr ratios in the
spring and seep samples generally are higher than in precipi-
tation, bedrock runoff, or soil solutions. Although dissolution
of eolian carbonates undoubtedly make a contribution, espe-
cially to spring and seep samples with 87Sr/86Sr ratios towards
the low end of the range, it is clear that talus-zone waters are
dominated by weathering of bedrock minerals. Weathering in
the talus environment probably mostly takes place in the un-
consolidated silt, sand, and gravel below the bouldery surface
of the talus deposits. It is likely that the finer-grained materials
in the talus deposits and the poorly developed soils in the
valley bottoms contribute substantial water and weathering-
derived solutes to the stream, especially during base flow. This
is supported by the similarity of spring and stream water solute
and isotope ratios (Figure 8). Stream water samples tend to
plot near the middle of the range of the spring and seep
samples. It is interesting that the variation in Ca/Na ratios in
the stream tends to be much greater than the variation in the
stream water 87Sr/86Sr ratios. Most of the variation in Ca/Na
ratios is attributable to changes in Ca concentrations over a
given hydrologic season. These results suggest that although
the fluxes of Ca derived from various pools (i.e., cation ex-
change, flushing of soil water, and mineral weathering reac-
tions) vary seasonally, changes in the relative importance of
individual mineral weathering reactions are small.

Conclusions
Partitioning sources of Sr (and Ca) into atmospheric depo-

sition and bedrock mineral weathering using Sr-isotope mixing
calculations is possible, but it is complicated by the choice of an
appropriate value for the bedrock-weathering end-member. In
this study the 87Sr/86Sr ratio of the stream at base flow was used
to represent the bedrock-weathering end-member because
most of the solutes in the stream are believed to be derived
from mineral weathering at that time. An important benefit of
using base-flow stream chemistry to represent the weathering
end member is that the stream effectively integrates the Sr
signature from potentially variable bedrock sources. Using a
Sr-isotope mixing equation, it was estimated that atmospheric
deposition accounted for between one fifth and one third of
the annual Sr inputs to the streams.
Estimating the fraction of Ca derived from specific minerals

is theoretically possible if the relative mineral-weathering rates
of the important minerals are known. However, calculating
relative mineral-weathering rates by geochemical mass balance
for many natural systems is problematic because there are
often multiple mineral sources of Ca. This is the case in Loch
Vale, where there are three mineral sources of Ca (i.e., eolian
calcite, bedrock calcite, and plagioclase) that weather and con-
tribute appreciable Ca to stream water. Similar problems may
be encountered when attempting to use Sr-isotope mixing
equations to calculate relative weathering rates. Solving the
inverse problem (i.e., predicting the 87Sr/86Sr released by
weathering on the basis of mineral-weathering rates measured
in the laboratory or the field) can be useful in terms of vali-
dating a conceptual weathering model. Values predicted for
the 87Sr/86Sr of Sr released by weathering in the Andrews
Creek drainage are consistent with the 87Sr/86Sr measured in
Andrews Creek at base flow, suggesting that the mass balance
weathering model provides reasonable estimates of relative
mineral-weathering rates. The predicted 87Sr/86Sr of Sr re-

leased by weathering is sensitive to the value used for the
87Sr/86Sr of biotite, which appears to depend in part on the
amount of time the mineral has been exposed to weathering.
Weathering of fresh bedrock, which contains relatively radio-
genic biotite, may yield Sr with a higher average 87Sr/86Sr than
weathering of alpine soil, which contains less radiogenic bi-
otite.
Sources of Ca in stream water were quantified by combining

the results from the chemical mass balance model with results
from the Sr-isotope mixing calculations. The mass balance
model results indicate that 23 6 1% of the annual flux of Ca in
Andrews Creek was derived from weathering of plagioclase;
Sr-isotope mixing calculations suggest that about 26 6 7% was
derived from weathering of eolian carbonate dust. Subtracting
those contributions from the total Ca flux in stream water
provides an estimate of 41 to 59% for the contribution from
dissolution of calcite in the bedrock. The major uncertainty in
the calculations was in the 87Sr/86Sr of the mineral-weathering
end-member, which affected the estimated contribution of Ca
from atmospheric deposition. Despite the uncertainty, these
results confirm the importance of bedrock weathering in con-
trolling the Ca flux in the stream and indicate that weathering
of calcite present in trace amounts in the bedrock was a major
contributor of Ca to the aquatic ecosystem.

Appendix: 87Sr/totalSr Calculations
To calculate 87Sr/totalSr from 87Sr/86Sr, begin with

totalSr5 84Sr1 86Sr1 87Sr1 88Sr

Multiply the right side times 86Sr/86Sr:

totalSr5 86Sr(84Sr/86Sr1 1 1 87Sr/86Sr1 88Sr/86Sr)

Rearrange:

totalSr/(84Sr/86Sr1 1 1 87Sr/86Sr1 88Sr/86Sr)5 86Sr

Multiply both sides times (87Sr/86Sr):

(87Sr/86Sr)[totalSr/(84Sr/86Sr1 1 1 87Sr/86Sr1 88Sr/86Sr)]5 87Sr

Divide both sides by totalSr:

(87Sr/86Sr)/(84Sr/86Sr1 1 1 87Sr/86Sr1 88Sr/86Sr)5 87Sr/totalSr
84Sr/86Sr and 88Sr/86Sr are constants because they are nonra-
diogenic; 87Sr/86Sr is the measured Sr isotope ratio of the
mineral.
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